ABSTRACT: Thalassiosira spp., large-chain forming centric diatoms, typically dominate the biomass during phytoplankton blooms in the North Water Polynya (76 to 79°N, centred on ca. longitude 75°W), which is the largest recurring polynya in the Canadian Arctic. We used an experimental method based on semi-continuous cultures to investigate mechanisms responsible for bloom maintenance and associated changes in microbial food web constituents. We compared 2 treatments: (1) a new nutrient system in which the cultures were partially enriched every 2 d with nutrient-rich seawater from depth to simulate horizontal or vertical advection, and (2) a recycled nutrient system in which large particles (> 2.0 µm) were partially removed every 2 d to simulate grazing and sinking losses without nutrient replacement. The experiment lasted 8 d. In the new nutrient treatment, large diatoms, particularly Thalassiosira spp. and to a lesser extent Chaetoceros spp., consumed the added nutrients and continued to dominate production and biomass of the protist community. The total eukaryotic community production in the 'recycled' community shifted to one dominated by dinoflagellates and ciliates in the absence of diatom growth. These 2 end points corresponded to 2 types of communities observed in the North Water Polynya in June 1998. Net production rates for viruses and bacteria were not significantly different between treatments. These results demonstrate the importance of advective processes in maintaining a prolonged diatom bloom. An underlying microbial food web dominated by large (> 20 µm) ciliates and dinoflagellates was able to maintain similar rates of net production respective of new versus recycled nutrient supply. Dominance of the protist communities by large cells under both conditions is likely to favour the sustained high productivity of zooplankton and megafauna that characterize the North Water Polynya.
INTRODUCTION
In many parts of the World Ocean, a spring bloom of diatoms is typically followed by a microbial food web dominated by other protists, including dinoflagellates, ciliates or a diverse array of flagellates. During the development and decline of the diatom bloom, particulate organic material (POM) may be grazed by protozoan or metazoan zooplankton (Levinsen et al. 1999 (Levinsen et al. , 2000a . Alternatively, POM, including phytoplankton, may sink out of the euphotic zone as individual cells, cellular aggregates or fecal pellets. Ultimately, the microbial community depends on dissolved organic material (DOM) and recycled nutrients that are released by cellular exudation, bacterial and viral activities and grazing (Azam et al. 1983) . The timing and extent of diatom blooms prior to the community shifting to a microbial food web determine the fate of POM and DOM and have implications for carbon and nutrient recycling in the oceans (Azam 1998 , Buesseler 1998 , Anderson & Ducklow 2001 .
Interannual variability in the duration and composition of blooms is well documented. Complex hydro-graphic processes act to prolong or shorten the blooms in many regions (Koeve & Ducklow 2001) . Blooms typically end when nutrients are not replenished following stratification, and as particulate material sinks, the euphotic zone becomes biologically impoverished (Dale et al. 1999) . Hydrographic processes that increase the rate of nutrient supply could contribute to maintaining production over long periods, but high supply rates are counterbalanced by high loss rates (advective horizontal or vertical export) due to dilution and transport out of the euphotic zone (Dutkiewicz et al. 2001) . Evidence that communities can adjust to hydrographically driven high nutrient input and loss rate is seen in the persistent blooms associated with zones where 2 or more water masses intermingle (Landry et al. 2001 , Morán et al. 2001 .
Prolonged diatom blooms are a characteristic feature of some polynyas, ice-free regions surrounded by pack ice in polar seas. The largest polynya in the Canadian Arctic is the North Water Polynya (NOW) located between Ellesmere Island and Greenland. Early reports from this region drew attention to the high productivity at all trophic levels and its rich diatom flora (Grøntved & Seidenfaden 1938) . From April to July 1998, different regions and depths in the NOW were dominated by either diatoms or dinoflagellates and ciliates (Lovejoy et al. 2002a) . Parallel studies showed that this was an area of active water mass interleaving (Melling et al. 2001 , Bâcle et al. 2002 with regions of advective nutrient input . The water mass interleaving exerted an influence on protist community structure. High biomass layers dominated by diatoms were over-and underlain by ciliate and dinoflagellate-dominated communities. There was a highly significant correlation between variability in community structure throughout the water column and the extent of interleaving, indicating a strong physical influence on protist species dominance (Lovejoy et al. 2002b) .
Despite the importance of protist community structure in affecting biogeochemical and trophic processes, there is still little understanding as to which factors determine species-specific blooms, or dominance by certain groups or species following a bloom (Wasmund et al. 1998 , Cebréan & Valiela 1999 . The present study determined whether the alternate states of protistan dominance that are observed in the ocean (persistent diatom blooms vs microbial food web protists) could be selected for experiment when typical losses are imposed. We hypothesized that: (1) under advective conditions, diatom growth rates are able to keep pace with losses leading to persistent diatom blooms; and (2) under recycling conditions in which POM > 2.0 µm is continuously lost but DOM and POM < 2.0 µm are retained, dominance by dinoflagellates and ciliates is favoured.
We addressed these hypotheses by way of a shipboard experiment using seawater collected from a region of the NOW where a bloom had been ongoing over the previous month, but diatom biomass remained high despite depleted surface nutrients. As secondary objectives we evaluated to what extent advective versus recycling regimes affect macronutrient utilization, and the standing stocks and net production of other microbial food web constituents, specifically viruses, bacteria and nanoflagellates.
MATERIALS AND METHODS
Field sampling and experimental design. The NOW (76 to 79°N, centred on longitude ca. 75°W; extent ca. 80 000 km 2 ) was intensely sampled by the Canadian icebreaker Pierre Radisson between April and July 1998, as part of the International North Water Polynya Study. The NOW is primarily a latent heat polynya that occurs annually (Melling et al. 2001 ). In 1998, there was a persistent phytoplankton bloom (elevated chlorophyll a [chl a] levels and primary production) toward the western side of the polynya throughout June and into July (Mei et al. 2002) . Water for the experiment was taken on 19 June 1998 from latitude 77°00.54' N and longitude 72°23.04' W. (Stn 40 in Lovejoy et al. 2002a,b) from 9 and 200 m using a rosette sampler (General Oceanics) equipped with 10 l Niskin type bottles and a Falmouth Scientific Instruments Integrated CTD. The 9 m water was randomly dispensed into autoclaved 2.5 l Nalgene polycarbonate bottles after rinsing 3 times. Initial samples (T i ) for nutrients, chl a, protist species identification and enumeration, and bacteria and viral concentrations were taken from the same cast. Four of the polycarbonate bottles, used as microcosms, were fitted with septum lids. Additional water collected at the same time from 9 and 200 m was filtered though 0.2 µm Nuclepore filters to remove particles, bacteria and protists to prevent biological activity changing the nutrient characteristics of the water. This water was stored in autoclaved containers in the dark at 0°C and used over the course of the experiment (maximum 6 d storage) as outlined below. The 4 microcosm bottles were put into bags made of 2 layers of neutral density shade cloth, to simulate 36% surface irradiance (24 h d -1 at these latitudes). The microcosms were then placed in an on-deck incubator, where the temperature was maintained between -1 and +1°C by a constant flow of surface seawater. Normal ship movement ensured constant motion, and the round containers moved freely within the incubator. All subsequent manipulations were done using sterile techniques at less than 2°C, and microcosms were subsampled after gently inverting the containers 5 to 6 times. The loss rates imposed were similar to those in the natural environment (Hargrave et al. 2002) .
The microcosms were first sampled after 36 h (T s ) and then every 2 d. Two experimental treatments were initiated based on recycled and new nutrients respectively (REC and NEW, Fig. 1 ). A total of 600 ml was removed from each microcosm every 2 d as follows. For both treatments, 100 ml was removed using a syringe through the septum lid. This subsample was used for nutrient analysis, protist identification and enumeration, and estimation of bacteria and virus-like particle (VLP) concentrations. Five hundred ml was then removed and filtered through 45 mm diameter, 2 µm pore size Nuclepore PC membrane filters using an autoclaved Nalgene filter holder and receiver. This filter was frozen at -20°C until chl a analysis onshore. In the REC treatment the 500 ml of filtrate was returned to the same microcosm. The total volume was restored using 100 ml of previously 0.2 µm-filtered water collected from 9 m. In the NEW treatment, the 500 ml of filtrate was discarded and the volume restored by adding 600 ml of previously 0.2 µm-filtered nutrient-rich water collected from 200 m (new nutrients sensu Dugdale & Goering 1967) . At the end of the experiment, an additional 500 ml was filtered through a Whatman GF/F filter for total chl a. Hereafter, T i refers to the day when the initial sample was taken and water placed in bottles and T s refers to the starting time of the experimental manipulations, 36 h later, when water was either replaced (NEW) or filtered and returned to the microcosms (REC).
As the experiment continued, T s+ 2 , T s+ 4 and T s+ 6 refer to subsamples and manipulations 2, 4 and 6 d after T s . T s+ 6 was the final day of the experiment.
Calculations. The net increase or decrease in the concentration (C ) of the measured state variables in the NEW treatments was calculated for each 2 d interval over the course of the experiment. Beyond T s, the net change was corrected for the removal and replacement of the culture with new media. For the first 36 h:
and for subsequent intervals:
where C new is the concentration in the replacement medium and ρ 1 is the 2 d dilution rate (0.6/2.5 = 0.24). The net changes were then summed over the full 6 d period of the experiment to give a total cumulative production or loss expressed in concentration terms. The same calculations were made for the REC treatments using Eq. (1) for the first interval and the following equation for the subsequent 2 d intervals:
where ρ 2 = 0.1/2.5, with concentration C a (the initial 9 m water), and ρ 3 is the dilution rate for the filtered returned water (0.5/2.5), with concentration C b . For nutrients, VLP and bacteria, which passed through the 2.0 µm filter, C b = C t ; for all the other components removed by filtration C b = 0. The 2 d increments or decrements were then summed to give total cumulative production or loss as for the NEW treatments. Nutrients were low in the initial 9 m sample (Table 1) compared to the 200 m water used in the NEW treatment, which was 16.53 and 1.37, 14.89 µM for nitrate, soluble reactive phosphorus (SRP) and silica respectively. VLP concentrations in the 200 m deep water were 1.3 × 10 9 l -1 , ca. one-fifth of the 9 m initial concentrations (Table 2 ). Since we removed potential viral hosts by filtration though a 0.2 µm filter, we assumed that there was no viral production over the duration of the experiment. Initial ammonium concentrations were < 0.1 µM for both 9 and 200 m. Eukaryotic microbes. Phytoplankton and other protists were counted using a combination of fluorescence, Nomarski optics and Utermöhl sedimentation (FNU; Lovejoy et al. 1993 ). This method gives excellent agreement with total counts from the NOW using a membrane method, but provides much more taxonomic information (Lovejoy et al. 2002a) . For this study, 45 ml were sedimented for several weeks in 50 ml Corning centrifuge tubes after which the top 40 ml was carefully removed using a Pasteur pipette. The final 5 ml was placed in a sedimentation chamber with DAPI (0.0007 v/v) and Calcofluor white (0.001 v/v) and resettled for 24 h prior to counting. DAPI was used to visualize the DNA within the nucleus and Calcofluor to stain cellulose and chitin for quick identification of thecate dinoflagellates and loricate Dinobryon spp. DAPI and Calcofluor fluoresce slightly different shades of blue under UV excitation (Zeiss Filter block 4877 02). Chl a in cells was confirmed under Zeiss filter block 4877 09, and phycobilin in cryptophytes was verified using a green filter block (Zeiss 4877 15). The samples were counted at 200, 400 and 1000× magnification, using a Zeiss Axiovert 100 inverted microscope. Phytoplankton and other protists were identified to the lowest taxonomic level possible using light microscopy (see references in Lovejoy et al. 2002a) . The error associated with this type of count data follows a Poisson distribution, and accuracy of the estimate of cells increases according to the square root of with the number of cells counted (Lund et al. 1958 , Lund 1959 . In total, 1000 to 8000 cells were counted for each sample, giving an overall error of 2.2 to 6.3%. To minimize the accumulated error involved in estimating differences between communities we used biomass C values as suggested by Duarte et al. (1990) . Cells were measured using both an ocular micrometer and images taken using a Dage-MTI CCD-300-RC video camera mounted on the Zeiss microscope and Metaview Software (Universal Imaging). The volumes were calculated from standard geometric shapes (Hillebrand et al. 1999 ) and carbon content estimated from relationships described in Menden-Deuer & Lessard (2000) .
Several taxa could not be routinely separated in the samples and therefore were grouped. For example, when large chain-forming centric diatoms grow rapidly, the cells become compact and tightly spaced, obscuring characteristics used to distinguish species (von Quillfeldt 2001). Consequently, we grouped Thalassiosira species, which primarily included T. antarctica var. borealis G. Fryxell, Douchett & Q. Hubbard, T. hyalina (Grunow) Gran and T. bioculata (Grunow) Ostenfeld. The Thalassiosira grouping also probably included chains of Porosira glacialis (Grunow) Jørgensen. Phaeocystis were seen as both individual cells and as small colonies and may have been more than one species as well; in our wet mounts, we did not distinguish these further. Pyramimonas and Chrysochromulina are best identified by scale morphology using transmission electron microscopy, which was not done; almost certainly there were 2 or more species of these genera in the microcosms. Other protists with similar growth responses in the microcosms were grouped on functional criteria such as heterotrophic flagellates and large (40 to 100 µm) naked dinoflagellates.
Chl a and nutrients. Initial chl a samples were filtered onto Whatman GF/F filters and stored frozen. All chl a samples were later extracted ashore in boiling ethanol and measured fluorometrically using a Sequoia-Turner model 450 spectrofluorometer (Nusch 1980 , Jeffrey & Welschmeyer 1997 . Water for nutrient analysis was collected into cryovials after being prefiltered through a 0.20 µm Sartorius Minisart syringe filter; the first 3-4 ml of filtered water was discarded. Nitrate + nitrite (nitrate), SRP and silicate (Si), were analyzed on board the ship, using an ALPKEM autoanalyzer and colorimetric protocols (Grasshoff 1976) . Ammonium concentrations were estimated immediately after collection of samples using the manual method given in Parsons et al. (1984) .
Viruses. VLP were collected and enumerated using a modification of the Noble & Fuhrman (1998) technique. Sample were preserved with a mixture of 0.2 µm filtered glutaraldehyde and formaldehyde, which ensures good preservation of both protein structures and nucleic acids (Tsuji & Yanagita 1981 , Sommerville & Scheer 1987 . One ml of sample was filtered onto a 0.02 µm, 25 mm diameter Whatman Anodisc filter, and stained with SYBR I and SYBR II green fluorophores that stain DNA and RNA, respectively (Molecular Probes). Each filter was mounted between a slide and cover slip using Aquapolymount (Polysciences). The slides were stored upright at 2°C for 24 h after which they were stored frozen until examination , and protists and bacteria as µg C l -1
. Values in parentheses are error estimates for replicate cultures within 2 wk. The VLP were counted at 1000× under epifluorescence using a Zeiss Axiovert 10 microscope equipped with a blue filter block (Zeiss block 4877 09). For each sample 600 to 1000 VLP were counted. Since virus decay rates are normally shorter than the 2 d between the samplings used here (Weinbauer & Suttle 1999) , the net VLP production may have been systematically underestimated, but still useful for comparisons.
Bacteria. Samples for bacteria were preserved in 2% final concentration of electron microscope grade paraformaldehyde and stored in the dark at 2°C for up to 3 d. The samples were stained with DAPI (0.0007 v/v final concentration) for 20 to 30 min then filtered onto black 0.2 µm Nuclepore PC membrane filters and mounted using Molecular Probes non-fluorescent mounting oil (Porter & Feig 1980) . The slides were frozen and bacteria counted within 1 to 4 wk after returning to shore, using a Zeiss Axiovert 10 microscope at 1000× magnification, with a UV filter block (Zeiss 4877 02). A total of 600 to 1000 bacterial cells were counted for each sample; some loss may have occurred during storage (Sherr & Sherr 1993) . The average (± SE of the population) dimensions of bacteria were 0.72 ± 0.27 × 0.56 ± 0.23 µm, calculated from halo corrected images using Metaveiw software (n = 400 cells). This yields an average volume of 0.025 µm 2 cell l -1
. To facilitate comparisons with the literature a factor of 20 fg C cell l -1 was used to convert bacteria numbers to biomass carbon (Fuhrman 1992) . We verified that there were few free bacteria retained on the 2.0 µm filters used for the experimental treatments.
RESULTS

Initial 36 h
At T s , 36 h after collection, SRP and nitrate concentrations varied among the 4 microcosms (Table 1) , with a drop in concentrations relative to T i of 0.02 to 1.2 µM nitrate, and 0.05 to 0.13 µM SRP. Ammonium concentrations increased and ranged from 0.48 to 0.96, so that total dissolved inorganic nitrogen increased slightly from 0.24 to 0.46 µM N. Although there was some variability between containers, Si concentrations remained relatively stable over this first 36 h.
The initial protist community (T i ) was made up of ca. 70% biomass C as diatoms (Fig. 2) . Thalassiosira spp. were dominant and represented 70% of the diatom biomass, equivalent to one-half of the total biomass C. Bacterial concentrations were 0.6 × 10 9 cells l -1
, and VLP ca. 10 times greater. The initial 9 m water was from a phytoplankton bloom with high chl a and protist biomass (Table 2) . After 36 h, total biomass (protist + bacteria) remained at ca. 72 µg C l -1 (71.75 to 73.82 µg C l -1 ; Table 2 ). However, this biomass had been redistributed with total protist biomass falling on average by ca.17% and bacterial biomass increasing. Thalassiosira spp. continued to make up just under half of the total protist biomass. Average chl a concentrations had increased ca. 23%. VLP concentrations were 33% greater than initially at T i .
Experimental results
The experimental intervention started at T s , with either removal of 24% of the > 2.0 µm particles (REC treatment) or the removal and replacement of 24% of the 2.5 l volume (NEW treatment); this was repeated every 2 d (Fig. 1) . Ammonium concentrations in both treatments were similar at T s+ 4 , with a mean ± SE of 0.34 ± 0.03. At T s+ 6 concentrations varied among the 4 microcosms but there was no significant difference between the 2 treatments (Table 1) . No data were available at T s+ 2 . For the remaining nutrients, we tested for significant differences in net consumption over the course of the experiment (Table 3 , significance reported only for variables where a significant effect was noted; p < 0.05; 2-way ANOVA, NEW and REC treatments and day sampled, T s+ 2 , T s+ 4 and T s+ 6 ). Net nitrate, SRP and Si consumption were significantly greater in NEW versus REC treatments (Fig. 3a,b ,c, respectively). In the NEW treatments, net consumption 271 Fig. 2 . Comparison of production (pie-diagrams) by the 3 principal functional groups: diatoms, alveolates (dinoflagellates and ciliates), and nanoflagellates (both phototrophic and heterotrophic) with initial community (T i ) and final community structure (bars). Results are shown for individual microcosms, designated A and B, for the 2 treatments, NEW and REC. The pie-diagrams are above their respective bar clusters and represent the proportional net production of the 3 protist groups over the 6 d of the experiment; the white slice is production by nanoflagellates was greater than the supply rate so that final concentrations were below those at initial concentrations (Table 1 ). In the REC treatment (except for Si in 1 replicate) inorganic nutrients remained similar to starting conditions (Table 1 ) with no drawdown, hence no overall net consumption. In the NEW treatment chl a increased over the duration of the experiment and net production was significantly greater than for the REC treatment (Table 3 ). In the REC treatment, chl a production initially equalled losses up until the final day when there was net loss (Fig. 3d) . Protist biomass increased with net accumulated production for both treatments, but with significantly greater production in the NEW compared to the REC treatment (Fig. 3e, Table 3 ).
There was an initial net accumulation of bacteria in the NEW treatment, but by the end of the experiment, production declined (Fig. 3f) . In the REC treatment bacteria declined throughout the experiment. Overall, net accumulated bacterial production was greater in the NEW compared to the REC treatment (Table 3) .
Diatoms were responsible for ca. 75% of net production in the NEW treatments whereas in the REC treatments alveolates (dinoflagellates and ciliates) and to a lesser extent smaller (2 to 20 µm) flagellates contributed to the bulk of total production (Fig. 2) . This net production by the various groups was reflected in final biomass values, with the proportion of diatoms in NEW treatments changing little from initial conditions (Fig. 2) . Non-diatoms were responsible for 55 to 92% of the eukaryotic growth in the REC treatments, where net diatom growth was lower compared to that in the NEW treatment (Fig. 2) Thalassiosira spp. dominated the diatom biomass in the initial sample and remained dominant throughout the experiment. In the NEW treatments, net growth of Thalassiosira spp. was greater than the dilution rate (Fig. 4a, Table 3 ). In the REC treatments, net growth was equivalent to the dilution rate, with the exception of the final sample in one of the REC treatments, where Thalassiosira spp. were responsible for the relatively high diatom biomass in the final REC-A treatment (Fig. 2) . Another diatom group, Chaetoceros spp. (ca. > 80% hylochaetate spp.; C. socialis Lauder and C. furcellatus Bailey), showed a similar trend, with greater biomass accumulation in the NEW treatment (Fig. 4b , Table 3 ). For other diatoms (e.g. Pseudo-nitzschia spp. and Fragilariopsis spp.), there were no significant differences between the 2 treatments. We found no differences between treatments for other protist groups, including photosynthetic flagellates such as the prymnesiophytes Chrysochromulina spp. and Phaeocystis spp. (total accumulation, 0.48 ± 0.18 µM C, not shown). Net biomass accumulation by large heterotrophic dinoflagellates, including Gyrodinium pingue (Schütt) Kofoid & Swezy, Gyrodinium spirale (Bergh) Kofoid & Swezy, Gyrodinium pepo (Schütt) Kofoid & Swezy and Gymnodinium gracile Bergh, was similar in both treatments (Fig. 4c) .
Biomass accumulation by ciliates (Fig. 4d ) and heterotrophic nanoflagellates (Fig. 4e) , either taken as individual species or grouped, was also similar for both treatments. There were no treatment effects for VLP concentrations, which peaked on Day 2 and then dropped (Fig. 4f ). There was a significant negative correlation between final nitrate and final chl a levels (r = 0.97, p = 0.025, slope = -0.05 µM N µg chl a -1 ). No other significant relationships between the final biomass and nutrient concentrations were noted.
DISCUSSION
In the NEW nutrient treatment, the colonial centric diatoms Thalassiosira spp. and Chaetoceros spp. were the dominant genera. We were able to maintain high growth rates of Thalassiosira spp. using an advective culture technique over the 8 d of the experiment (Fig. 2) . This community utilized added nutrients and overall net production was greater than the dilution rate. Thalassiosira spp. and Chaetoceros spp. are common dominants in polar waters (Wilson et al. 1986 , Kang & Fryxell 1993 , Schloss & Estrada 1994 , Leventer & Dunbar 1996 , Andreassen & Wassmann 1998 . These 2 genera tend to be fast growing and opportunistic and quickly able to become dominant despite cold temperatures and variable light conditions (Lange et al. 1992 , Wassmann et al. 1999 , Agusti & Duarte 2000 , von Quillfeldt 2000 . They were also dominant over the prolonged diatom bloom in the NOW, from late April to July 1998 (Booth et al. 2002 , Lovejoy et al. 2002a ). These 2 genera persisted especially in northern and western portions of the NOW where horizontal advective input of Arctic surface water is high (Bâcle et al. 2002) . Our results indicate that continuous advective input of nutrients is likely to sustain the prolonged bloom of these centric diatoms in the NOW. In the REC treatment, diatoms made up a decreasing percentage of the total protist production over the course of the experiment. Large-cell, diatom-dominated blooms are often short-lived phenomena that evolve into nanoplankton-and picoplankton-dominated communities as nutrients are drawn down and production becomes dependent on recycled nutrients (Azam et al. 1983 , Scharek et al. 1994 , Detmer & Bathmann 1997 . In the Southern Ocean, large diatoms dominate the ice edge blooms, but there is an underlying constant biomass of pico-(0.2 to 2 µm) and nanoplankton (2 to 20 µm) sized organisms (Detmer & Bathmann 1997) . This importance of either large diatoms or small cells was also noted in the Northeast Water Polynya, east of Greenland, as a mosaic of diatoms or nanoflagellates that dominated the autotrophic biomass (Booth & Smith 1997) . In contrast, several studies in the Canadian Arctic (Bursa 1961; Melville Bay) and West Greenland (Levinsen et al. 1999 (Levinsen et al. , 2000b ; Disko Bay) have reported blooms of ciliates and dinoflagellates that directly follow diatom-dominated blooms. This phenomenon occurs in regions where protist grazing is primarily responsible for diatom losses (Nielsen & Hansen 1995) . On the eastern side of the NOW, phytoplankton production peaked in May (Mei et al. 2002) , but the community continued to be dominated by large cells over the remainder of the season rather than becoming dominated by nano-and picoplankton. There is little Arctic inflow over this portion of the polynya (Bâcle et al. 2002) and the late season community is made up of ciliates and dinoflagellates (Lovejoy et al. 2002a) , strikingly similar to that observed in the REC treatment (Fig. 2) .
In summary we found that our experimental manipulations resulted in communities that mimicked those of the NOW, with either a diatom or a ciliate-dinoflagellate community. A successional sequence where larger microplankton (20 to 200 µm) sized cells persist in the upper water column contrasts with the more classic succession to microbial food webs dominated by nanoflagellates grazing on bacteria (Azam 1998). We found that in the experiments, as in the NOW, nano-and picoplankton-dominated communities were rare. Either unfavourable conditions for growth or loss rates in excess of growth may have caused the lack of dominance by small nanoflagellates in the post-bloom sequence in the NOW and in our recycled nutrient treatments.
The majority of nanoflagellates are either mixotrophic (Jones 1994) or heterotrophic (Vørs et al. 1995) and may be closely coupled to bacterial growth rates, implying that flagellates will do poorly in the absence of suitable prey (e.g. bacteria). In our experiments we found that over the first 36 h of incubation, before dilution of the cultures and when ambient nutrients were low, bacterial biomass increased slightly while total protist biomass fell. Bacteria have a greater demand for phosphorus compared to phytoplankton (Thingstad et al. 1998 ) and may be more efficient than phytoplankton at taking up P and N at low nutrient concentrations (Legendre & Rassoulzadegan 1996) . However, the average increase in bacterial biomass was only 0.32 µM, and assuming a C:P ratio of 50 (Kirchman 2000) bacteria at most would have consumed 0.006 µM P or ca. 7% (Table 1 ). In general, bacterial production is closely tied to the availability of suitable substrate (Anderson & Ducklow 2001 , Pomeroy & Wiebe 2001 , which implies that some DOM suitable for bacterial growth was available at the beginning of the experiment. However, bacteria production did not track photosynthetic protist production in the NEW treatment nor did bacteria dominate production in the REC treatment. Furthermore, bacterial production in the NEW treatment fell between T s+ 4 and T s+ 6 (Fig. 3f) . Since the experimental protocol for both treatments would have acted to decrease grazing pressure on the bacteria by diluting grazing protists (Landry & Hassett 1982 , Gaul et al. 1999 ) bacterial growth appeared to be substrate limited over the remainder of the experiment. Similarly, Middelboe et al. (2002) found that postphytoplankton bloom bacterial production in the NOW was relatively low compared to other marine systems and that bacteria were substrate limited Over the course of our observations by microscopy of natural and experimental samples, we noted that there were large and small flagellates as well as diatoms in the feeding vacuoles of ciliates and dinoflagellates, implying that the experimental dilution rate did not prevent protists grazing on other protists. This grazing pressure would further limit populations of smaller nanoflagellates. It is therefore likely that both poor bacterial growth and grazing by ciliates and dinoflagellates limited nanoflagellate production over the course of the experiment. It may be argued that lack of suitable organic substrates acted to limit both bacterial and nanoflagellate production in the NOW.
Viral activity may also have constrained bacterial production in these experiments by infection and lysis of bacterial cells. In the NEW treatment, where the deep water containing few VLP was added, infectious agents would be diluted relative to potential hosts. In the REC treatment, where the returned filtered water contained a full complement of viruses and bacteria, there would have been no dilution effect. Greater viral activity in the REC treatment would be consistent with differences in the net bacterial production between treatments (Fig 3f) . Some DOM cycling may have occurred via the viral shunt (Wilhelm & Suttle 1999) , but this mechanism was not evaluated in the present study.
Final nutrient concentrations and community structure at T s+ 6 were a result of the total sum of events: initial conditions, light, and NEW versus REC nutrient and dilution regimes. The aim of current study was to understand community and species shifts that occur over time and space in an open system, typical of many marine environments (Montagnes et al. 1999 , Joint et al. 2001 . Over the first 36 h (T i to T s ) there was some divergence in nutrient consumption among the 4 starting microcosms, which meant that there was a range of starting conditions at T s . However, the protist community did not change over this short period and diatoms were dominant in all 4 microcosms at T s . The lack of change over the first 36 h is consistent with the typical 3 d doubling times reported for polar phytoplankton and other protists (Smith et al. 1999 ) and 36 h was too short for a community shift to occur. By the end of the experiment there were significant differences between the treatments, indicating that the primary forcing variable on the community was from our treatments. A common criticism of mesocosms and microcosm experiments is that they induce artificial species shifts in phytoplankton and other protists that are due to bottle effects (Downing et al. 1999) . In our experimental design we attempted to reduce this effect by using a semi-continuous culture protocol. This approach was successful in that protist species composition and nutrient concentrations in the replicates were similar over the course of the experiment with 1 exception, the final Si concentration in one of the REC microcosms was high. The increased dissolved Si in that instance was perhaps due to remineralization of the particulate Si pool (Bidle & Azam 2001) .
In the NEW treatment, diatom production increased (Fig. 2) , communities took up all nutrients at a rate that matched or exceeded supply (Fig. 3a-d ) and final nutrient concentrations were below initial concentrations. Ciliates, dinoflagellates and most nanoflagellates had similar production rates in the NEW and REC treatments, implying that these organisms were able to maintain productivity under a broad range of conditions ( Fig. 4c-e) . Production in the absence of nutrient input indicated efficient nutrient recycling by the community, with sufficient internal nutrient stores for the dinoflagellate-ciliate community to continue growth at least for 6 to 7 d. Mei et al. (2002) found that over much of the polynya in June, ca. 30% of the inorganic carbon fixed was released as DOC. While direct measures of DOM were not made DOC is part of the DOM pool. The 24 h light conditions likely enhanced DOM release (Lomas et al. 2000) . In addition to viral activity discussed previously, grazing by heterotrophic protists (ciliates and dinoflagellates) on phytoplankton results in DOM release (Goldman et al. 1985) and would supply both DON and ammonium for the community (Ward & Bronk 2001) .
Large (40 to 100 µm) heterotrophic Gymnodinium spp. and Gyrodinium spp. are frequent, but numerically rare members of the marine planktonic community (Lessard 1991) . We earlier found that they were species dominants along with ciliates at some depths and regions in the NOW (Lovejoy et al. 2002b ). Both of these groups are active phytoplankton grazers (Bursa 1961) , and at another site off the coast of Eastern Greenland, Nielsen & Hansen (1995) reported that protist grazing on spring bloom diatoms was 3 times greater than grazing by copepods. In general, early grazing by protists would serve to keep POC in the water column over long time scales. This would also prolong the availability of the initial spring bloom for other trophic levels, as large cells would be readily available to macrozooplankton grazers (Stoecker & Capuzzo 1990) .
The NOW and its rich megafauna is the site of the northernmost indigenous human settlements in North America and Greenland, which is evidence that the region is a long-term stable productive ecosystem (Stirling 1997) . Despite nutrient drawdown and high macrozooplankton production (Ringuette et al. 2002) , phytoplankton biomass and production continues much longer over the summer season compared to other polar marine systems. This oasis of production is in stark contrast to more typical Arctic phytoplankton blooms, which rapidly end following nutrient exhaustion (Wassmann et al. 1999 , von Quillfeldt 2000 , Yager et al. 2001 . Our experimental results here indicate that continuous advective nutrient supply in combination with continuous light is likely to favour prolonged blooms of Thalassiosira spp. and Chaetoceros spp., and that following water column stratification recycled nutrients sustain communities of large dinoflagellates and ciliates. In both cases, the persistent dominance by large-celled protists differs form other polar regions (Booth & Horner 1997 , Detmer & Bathmann 1997 , Reay et al. 2001 and is likely to ensure a continuous supply of excellent food for zooplankton (Atkinson 1996 , Levinsen et al. 2000a ) that in turn support large marine animals. Heterotrophic activity in this food web dominated by larger organisms is not linked to bacterial production, and thus also has broad implications for carbon cycling, for example by diminishing the proportion of carbon recycled within a tight microbial loop (Anderson & Ducklow 2001) .
